Interplay between 3d- and 4/-electrons in Co-doped CeFeAsO 
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We report the tunable interplay between 3d- and 4/-electrons and the relevant physical properties 
in polycrystalline CeFei-zCoa; AsO (0 < x < 1) by means of measuring the electrical resistivity 
p(T), magnetic susceptibility x(T) and specific heat C(T). CeFeAsO undergoes a spin-density- 
wave (SDW) transition associated with Fe 3d-electrons around 150 K, which is rapidly suppressed 
by Fe/Co substitution. Superconductivity appears in a narrow doping range of 0.05 < x < 0.2, 
showing a maximum transition temperature of T sc m 13.5 K around x = 0.1. On the other hand, 
Ce 4/-electrons form an antiferromagnetic (AFM) state over the entire doping range; the Neel 
temperature T§ B increases upon suppressing the SDW transition of Fe and then remains nearly 
unchanged with further increasing Co concentration up to x ~ 0.8 {T§ e « 4K). On the Co-rich side 
(a; > 0.75), Co 3d-electrons are ferromagnetically ordered; its Curie temperature reaches T§° w 75 
K at x — 1. Furthermore, evidence of Co-induced polarization on Ce-moments is observed in this 
regime. Our results suggest that the effects of both electron hybridizations and magnetic exchange 
coupling between the 3d-4/ electrons give rise to a rich phase diagram in the alloy CeFei-zCo^ AsO. 



PACS number(s): 74.70.Xa,71.20.Eh,75.20.Hr 



I. INTRODUCTION 



The discovery of superconductivity in LaFeAsOi-^Fa; 
has stimulated intensive efforts on searching for new ma- 
terials with higher superconducting transition temper- 
ature T sc and revealing their unconventional nature^ 
Among the iron-based superconductors (FeSCs), the 
1 Ill-type compounds ReFePnO (Re = rare earth, Pn 
= pnictogen) demonstrate fantastic properties, showing 
the highest T sc among the FeSCs. 2 Furthermore, the rare 
earth elements usually form an antiferromagnetically or- 
dered state at very low temperatures. For instance, 
CeFeAsO subsequently undergoes two AFM-type tran- 
sitions upon cooling down from room temperature, one 
associated with Fe (T^ c w 150 K) and the other one at- 
tributed to Ce (T$ c w 3.4 K). 3 - 4 On the other hand, 
CeFePO is a paramagnetic (PM) heavy fermion metal£ 
Recent studies demonstrated that a ferromagnetic (FM) 
state of Ce 4/-electrons, separating the AFM state from 
the PM heavy fermion state, develops in the intermediate 
doping region in CeFeAsi-^PzO^— These indicate that 
the 1111-type iron pnictides may provide us a rare system 
to study the interplay of 4/- and 3o?-electrons, and their 
emergent properties. A systematic study of the inter- 
play between 4/- and 3d-electrons would help elucidate 
the nature of superconductivity and magnetism in iron 
pnictides. 

In i?eFeAsO, Fe/Co substitution presents an alterna- 
tive example, in which extra electrons are introduced into 
the FeAs layers. Upon substituting Fe with Co, the mag- 
netic/structural transition of Fe is quickly suppressed and 
superconductivity exists over a narrow doping range.— ~— 
On the other hand, the Co-end compounds, namely 
ReCoPnO, demonstrate rich magnetic properties. For 
example, CeCoAsO and CeCoPO exhibit an enhanced 



Sommerfeld coefficient (~200 mJ/mol-K 2 ), and their Co- 
ions undergo a FM transition at T§° = 75 K In the 
GdFei-^Co^AsO case, we found that Co 3d-electrons un- 
dergo a ferromagnetic transition at x > 0.8, which tran- 
sition temperature increases with increasing Co content, 
reaching T§° = 75 K in GdCoAsO-^ At lower temper- 
atures, the large moment of Gd is robust against the 
FM order of Co, and maintains its AFM order with a 
nearly unchanged Neel temperature over the entire dop- 
ing concentration. However, the coupling between the 
Gd and Co sublattices leads to ferrimagnetic behavior 
and also a possible magnetic reorientation. In contrast to 
Gd, the 4/-electrons in CeFei-^Co^AsO carry a smaller 
magnetic moment. As a result, the interplay between 
4/- and 3d-electrons may cause different behavior in 
CeFei-^Co^AsO. In a previous work^ it was mainly de- 
voted to the studies of magnetism and superconductivity 
on the Fe-rich side, a systematic study of the emergent 
behavior in CeFei-aCo^AsO is, therefore, highly desir- 
able. 

In this paper, we study the phase diagram of 
CeFei-^Co^AsO (0 < x < 1) by measuring the trans- 
port, magnetic and thermodynamic properties. We con- 
firmed that the magnetic/structural transition of Fe is 
quickly suppressed by Fe/Co substitution and supercon- 
ductivity appears in a narrow doping range (0.05 < x < 
0.2), with a maximum T sc 13.5 K around x = 0.1. On 
the other hand, Ce-ions undergo an AFM transition at 
low temperatures in the entire doping range. Its Neel 
temperature, T^ e , increases upon suppressing the SDW 
transition of Fe, and then remains nearly unchanged with 
further increasing Co content, indicating a possible com- 
peting interaction between Ce 4/- and Fe 3d- electrons on 
the Fe-side. For x > 0.75, Co-3d electrons become fer- 
romagnetically ordered and its Curie temperature 
increases with increasing x, causing a strong polarization 
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FIG. 1. (Color online) Powder X-ray diffraction pat- 
terns and the lattice parameters of CeFei-^Co^ AsO. (a) 
Room temperature XRD patterns for the samples with x = 
0.0,0.2,0.4,0.6,0.8,1.0. The inset shows the enlarged (102) 
peaks, (b) Lattice parameters as a function of nominal Co 
content. The inset plots the unit cell volume (left axis) and 
the c/a ratio (right axis) as a function of doping. 



effect on Ce-moments. Our findings indicate that the 
Fe/Co substitution may effectiveiy tune the interplay of 
3d-4:f electrons in CeFei-^Co^AsO, leading to rich phys- 
ical properties. 



II. EXPERIMENTAL DETAILS 

Polycrystalline samples of CeFei-zCozAsO (0 < x < 
1) were synthesized in evacuated quartz ampoules by a 
two-step solid state reaction method. High-purity Ce 
(99.8%) and As (99.999%) chunks, also Co 3 4 (99.97%), 
Fe 2 3 (99.99%), Fe(99.9%) and Co(99.9%) powders were 
used as raw materials. The dehydrated C03O4 and Fe2C>3 
were prepared by heating the powders at 1173 K for 10 
h in atmosphere. First, Ce and As chunks were mixed 
and the pure phase CeAs was prepared by heating the 
mixture in a sealed evacuated quartz ampoule at 1073 
K for 24 h, and then at 1323 K for 48 h. Then, CeAs, 
C03O4, Fe203, Fe and Co powders were weighed accord- 
ing to the stoichiometric ratio, thoroughly ground, and 
pressed into pellets. The entire process was carried out in 



an argon-filled glove box. Finally, the pellets were sealed 
into evacuated quartz ampoules, then slowly heated to 
1323 K at a rate of 100 K/h and kept at this tempera- 
ture for one week to obtain sintered pellets. 

The structure of the polycrystalline samples was char- 
acterized by powder X-ray diffraction (XRD) at room 
temperature using a PANalytical X'Pert MRD diffrac- 
tometer with Cu Ka radiation and a graphite monochro- 
mator. Measurements of the DC magnetic susceptibility 
and specific heat were carried out in a Quantum Design 
Magnetic Property Measurement System (MPMS-5T) 
and Physical Property Measurement System (PPMS- 
9T), respectively. Temperature dependence of the elec- 
trical resistivity was measured by a standard four-point 
method from 3K to 300 K in a closed cycle refrigerator. 



III. RESULTS AND DISCUSSION 

A. Crystal Structure 

Figure 1(a) plots six representative XRD patterns of 
the CeFei-zCozAsO samples (0 < x < 1). The vertical 
bars on the bottom denote the theoretically calculated 
positions of the Bragg diffractions for CeFeAsO. All the 
peaks can be well indexed based on the tetragonal Zr- 
CuSiAs structure with a space group of P4/nmm. No 
obvious impurity phases are detected, indicating a high 
quality of these samples. The shift of the (102) peak 
toward the right (larger 29 value) with increasing x, as 
shown in the right inset of Fig. 1(a), reveals a contraction 
of the crystal lattice with increasing Co-concentration. 
The lattice parameters, refined by the least square fitting, 
are plotted as a function of nominal Co-concentration 
in Fig. 1(b). Different from CeFeAsi-^P^O where both 
the a- and c-axis shrink with increasing P-content^ in 
CeFei-^Co^AsO the c-axis shrinks significantly while the 
a-axis increases slightly with increasing Co concentra- 
tion, meaning that Fe/Co substitution increases three di- 
mensionality in comparison with As/P substitution. This 
becomes more pronounced above x ~ 0.75, for which Co- 
electrons are ferromagnetically ordered at low tempera- 
tures. The shrinkage of the c-axis reduces the distance 
between the CeO and Fe(Co)As layers, and thus enhances 
the hybridizations between 3d- and 4/-electrons. The in- 
set of Fig. 1(b) shows the unit cell volume and the c/a 
ratio versus Co concentration, both of which monotoni- 
cally decrease with increasing x. The former decreases by 
2.22% at x = 1. The shift of the XRD patterns and the 
variation of lattice parameters suggest that the Co atoms 
are successfully incorporated into the crystal lattice. 



B. Electrical Resistivity 

Temperature dependence of the normalized electrical 
resistivity is shown in Fig. 2 for CeFei-^Co^AsO (0 < 
x < 1). The resistive anomaly observed around Tsdw ~ 
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FIG. 2. (Color online) Temperature dependence of the nor- 
malized electrical resistivity of CeFei-zCo^AsO. (a) < x < 
0.2. (b) 0.3 < x < 0.7. (c) 0.75 < x < 1. The insets of (a) 
and (b) expand the low temperature regime. The inset of (c) 
shows the derivative plots of the electrical resistivity with re- 
spect to temperature for x — 0.9, 0.95 and 1, from which the 
transition temperatures of T§° and T§° can be determined. 



TABLE I. The superconducting transition temperatures 
T sc (K) for 0.07 < x < 0.2, determined from the 90% (T P C 
(onset)), 50% (T& (mid)) and 10% (T p c (zero)) of the normal 
resistivity at T ac and the onset of magnetic susceptibility T* c . 
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FIG. 3. (Color online) Low temperature magnetic susceptibil- 
ity x(T) for CeFei-^CozAsO, 0.06 < x < 0.12. The open and 
filled symbols show the data measured at zero-field cooling 
(ZFC) and field cooling (FC), respectively. To demonstrate 
the existence of an AFM transition of Ce below T sc , we plot 



X(T) for x = 
be identified. 



0.1 in the inset, from which a kink at T^ can 



150 K in CeFeAsO characterizes the almost degenerate 
SDW-transition of Fe 3d-electrons and the tetragonal to 
orthorhombic structural phase transitionj&iiii With fur- 
ther decreasing temperature, another resistive kink ap- 
pears around T^ e « 4 K, marking the AFM transition of 
Ce£& Upon partially substituting Fe with Co, the tran- 
sition at TgDw is quickly suppressed and becomes hardly 
visible above x ~ 0.06. Meanwhile, superconductivity 
appears around x = 0.06, and the transition temperature 
reaches a maximum of T°" sct w 13.5 K at x — 0.1 (see 
the inset of Fig.2(a)). Note that, for 0.06 < x < 0.17, no 
signature of magnetic transition can be identified below 
T sc in the electrical resistivity, being different from that 
of CeFeAsOi-^F^ in which a non-zero resistive transition 
shows up below T sc attributed to the magnetic order of 
Ce J£ However, evidence for the AFM transition of Ce can 
be inferred from the magnetic susceptibility and specific 
heat (see below). In comparison with CeFeAsOi-^Fa;, 3 
another difference is the low-temperature semiconducting 
behavior observed in the underdoped CeFei-ajCo^AsO 
{x < 0.1 ), which may originate from the disorder ef- 
fect or the Kondo-like scattering. The tiny amount of Co 
atoms in the materials may act as magnetic impurities, 
leading to a resistive minimum as a result of Kondo effect. 
The system eventually becomes metallic with further in- 
creasing Co concentration. Figure 2(b) presents the nor- 
malized electrical resistivity for 0.3 < x < 0.7, which de- 
creases monotonically with decreasing temperature. In 
this doping region, only one pronounced resistive transi- 
tion is seen around 4 K, which is attributed to the AFM 
transition of Ce 4/-electrons, as shown by the arrow in 
the inset of Fig. 2(b). For x > 0.75, the electrical re- 
sistivity demonstrates stronger temperature dependence 
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FIG. 4. (Color online) Temperature dependence of the DC 
magnetic susceptibility for CeFei-zCo^AsO, < x < 1. The 
open and filled symbols present the ZFC and FC data, re- 
spectively. The upper inset plots the inverse susceptibility as 
a function of temperature for x — 0.75 and x = 1. The red 
lines are fits to Curie- Weiss law. The Curie temperature T§° 
of Co is determined from the negative peak position of the 
derivative dx(r)/dT as shown in the lower inset. 



with a broad hump around 100 K, likely attributed to 
the enhanced Sd-Af hybridizations as typically found in 
some Kondo lattice compoundsj 19 i 20 Upon further cool- 
ing down, the system undergoes two subsequent transi- 
tions as clearly shown in the derivatives of the electrical 
resistivity with respective to temperature, dp/ dT, in the 
inset of Fig. 2(c), one corresponding to the FM transition 
of Co (T§°) and the other one for the AFM order of Cc 
(T^), both shifting to higher temperature with further 
increasing Co concentration. The magnetic transition of 
Ce is broadened on the Co-rich side; we attribute it to 
the polarization effect of Co-ferromagnetism which will 
be further illustrated in terms of magnetic susceptibility 
and specific heat. 
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FIG. 5. (Color online) Temperature dependence of the mag- 
netic susceptibility x(T) for CeCoAsO. The open and filled 
circles show the ZFC and FC data, respectively. The red lines 
present a polynomial fit to the experimental data in the tem- 
perature range of 20 K to 40 K, which are treated as the FM 
background of Co. The inset plots the magnetic susceptibility 
after subtracting the FM background. 



C. Magnetic Properties 

DC magnetization of CeFei-^Co^AsO was measured 
as functions of temperature and magnetic field. Figure 
3 shows the magnetic susceptibility x(T) for the super- 
conducting samples, measured in a field of /iqH = 2 
mT. Evidence of bulk superconductivity was observed for 
0.06 < x < 0.12. The superconducting volume fraction 
reaches over 30% for x = 0.1 and x = 0.12. Furthermore, 
a kink can be tracked around T^ c w 4 K at various dop- 
ing concentrations (see the arrows for x = 0.1 and 0.12). 
Likely, this corresponds to the AFM transition of Ce in 
the superconducting state. It is noted that such a mag- 
netic transition of Ce is clearly demonstrated in the spe- 
cific heat (see below). The superconducting transition 
temperatures T sc , derived from the electrical resistivity 
and magnetic susceptibility, are summarized in Table I. 

Magnetic susceptibility of the non-superconducting 
samples, measured in a magnetic field of hqH = 0.1 
T, is presented in Fig. 4. Over a wide doping range of 
< x < 0.8, the magnetic susceptibility x(T) consis- 
tently shows a pronounced peak around T^ c m 4 K, 
which is attributed to the AFM transition of Ce. For 
x > 0.75, the magnetic susceptibility x(T) shows a sharp 
increase at a temperature Tq that increases with x, 
reaching 75 K at x = 1. Moreover, the zero-field cool- 
ing (ZFC) and field cooling (FC) data become separated 
below T§° ( see, for example, the curves of x = 0.75 in 
Fig. 4(a) and x — 1 in Fig. 5). All these indicate that the 
Co-ions undergo a FM transition at Tq°, which value can 
be obtained from the derivatives of d\/dT as shown in 
the inset of Fig. 4(b). In this doping region, the mag- 
netic transition associated with Ce 4/-electrons becomes 




FIG. 6. (Color online) Field dependence of the magnetization M(H) at various temperatures for CeFei-^Coa; AsO, < x < 1. 
The dark yellow curves are measured around the Curie temperature T§° . 
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FIG. 7. (Color online) M(H) curves around the Curie tem- 
perature T§° for CeFei.^Co^AsO, x = 0.75,0.9 and 1. The 
dashed lines describe the methods of deriving the saturated 
moments. The inset plots the saturated moments as a func- 
tion of Co concentration. 



indiscernible but one can still determine it after prop- 
erly subtracting a FM background of Co (see below for 
details). In the high temperature range, the magnetic 
susceptibility x(T) can be well described by the Curie- 
Weiss law: x{T) = Xt) + C/{T - 9 P ), with xo being a 
temperature- independent susceptibility, C the Curie con- 
stant and 6 p the paramagnetic Curie temperature. In the 
inset of Fig. 4(a), we plot 1/%(T) versus T for x = 0.75 
and 1, respectively. Here the red lines show the fits to 
Curie- Weiss law. For x = 0.75, the effective moment and 
paramagnetic Curie temperature are derived to be 2.54 



liB and -31.2 K, respectively; the former one is very close 
to the free-ion moment of Ce. On the other hand, the 
effective moment reaches 2.81 hb for x = 1, which is sig- 
nificantly larger than that of the free-ion moment of Ce. 

1/2 

According to /j e g = (hq q + Mcc) > we can estimate the 
effective moment of Co, which gives /^co=l-2 /i_b, being 
consistent with that reported in Ref.14. 

As mentioned above, the magnetic transition of Ce 
is concealed by the strong FM background of Co for 
x > 0.85. In order to track the magnetic transition of 
Ce in these samples, we need subtract the FM contribu- 
tions of Co-ions which can be approximated by applying 
an appropriate polynomial fit to the experimental data 
in a temperature region below Tq°. As an example, we 
show the magnetic susceptibility x(T) (both ZFC and 
FC) of CeCoAsO in Fig.5. The hump in the ZFC data 
is likely caused by the FM domain effect. The solid lines 
represents a polynomial fit to the experimental data be- 
tween 20 K and 50 K, which can be approximately treated 
as the FM contributions of Co. The so-subtracted mag- 
netic susceptibility Ax of Ce-ions is plotted in the inset 
of Fig.5, which allow us to determine the magnetic tran- 
sition of Ce from the maximum of A%(T) as marked by 
the arrow in the inset. Here the magnetic transition is 
again broadened attributed to the possible polarization 
effect of Co-moments. Nevertheless, the peak structure 
of A%(T) still indicates an AFM-type transition of Ce- 
momcnts at T^ c . 

Figure 6 presents the field dependence of the magne- 
tization M{H) at various temperatures. For x < 0.7, 
M(H) exhibits linear behavior without hysteresis, sug- 
gesting the absence of spontaneous magnetization. In 
CeFeAsO (Fig. 6a), a kink was observed around 2 T at 
T = 2 K which might correspond to a spin-flop transi- 
tion of Ce£ While the Co-ions become ferromagnetically 
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FIG. 8. (Color online) Temperature dependence of the specific 
heat C(T)/T at zero field for CeFei-^Co^ AsO, < x < 1. 
Inset of (a) shows the data for low Co concentrations (0 < 
x < 0.1). Inset of (b) plots C[T)/T versus T 2 for CeFeAsO 
and CeCoAsO. The dashed lines are fits to C/T — 70 + /3T 2 . 



ordered at x > 0.75, the magnetization M(H) shows an 
obvious hysteresis loop at temperatures below T§°; its 
size increases with either increasing Co concentration or 
decreasing temperature. From Fig. 7, one can see that 
the saturated moments, derived by extrapolating the lin- 
ear part of the M{H) curves at temperatures near T§° 
to zero field, increase with increasing Co concentration, 
reaching 0.17/is at x = 1 (see the inset). Similar re- 
sults were also reported in LaCoAsO, NdCoAsO and Sm- 
CoAsO compounds with a saturated moment of 0.46/is, 
0.20^s and 0.18^s respectively^ - — The saturated mo- 
ment of Co in these compounds is much smaller than 
3/(/b/Co 2+ as expected for the localized high spin state 
of Co 2+ , meaning that the ferromagnetism of Co is itin- 
erant in nature. It is noted that such a large hysteresis 
was not observed in other J?eCoAsO compounds except 
for CeCoAsO^i 



D. Heat Capacity 

In order to further characterize the magnetic order of 
Ce 4/-electrons in CeFei-^Co^AsO, we also measured 
the temperature dependence of specific heat C(T). Fig- 



ure 8 presents the low-temperature specific heat C(T)/T 
of several representative doping concentrations. One can 
see that the specific heat C(T)/T shows a A-type tran- 
sition for x < 0.8, characteristic of a typical AFM tran- 
sition. The transition temperatures are consistent with 
those derived from the electrical resistivity and magnetic 
susceptibility as shown above. In previous measurements 
of neutron scattering and muon spin relaxation, it was 
found that there exists a strong coupling between Ce-4/ 
and Fe-3d electrons in CeFeAsOi 25 ' 26 In this case, sup- 
pression of the SDW transition of Fe may have a signifi- 
cant impact on the magnetic order of Ce. To confirm it, 
we have performed a detailed measurement of low tem- 
perature specific heat for x < 0.1. As seen in the inset of 
Fig. 8 (a), the AFM transition of Ce indeed shifts to higher 
temperature while suppressing the SDW transition of Fe 
by Fe/Co substitution, indicating a kind of competing 
interaction between Ce 4/- and Fe 3d-electrons. It is 
noted that, in the electrical resistivity p{T), the SDW 
transition is hardly visible for x > 0.06. However, the 
continuous increase of T^ e up to a; = 0.1 may indicate 
that the critical doping concentration for suppressing the 
SDW transition is around x ~ 0.1, which is compatible 
if we extrapolate the SDW-phase boundary in the phase 
diagram as shown in Fig. 9. Furthermore, the specific 
heat C(T)/T of the superconducting samples shows a 
pronounced magnetic transition of Ce around « 4 
K. 

With further increasing Co content, the AFM transi- 
tion of Ce hardly depends on the doping concentration 
up to x — 0.8. Above that, the transition is significantly 
broadened and its maximum is slightly shifted towards 
higher temperatures with increasing x, being similar to 
the resistive results. Such behavior is likely attributed to 
the Co-induced polarization on Ce-moments, which may 
take place prior to the AFM order of Ce at T^ c . The 
specific heat data can be fitted by C/T ~ 70 + j3T 2 at 
temperatures above the magnetic transition of Ce (see 
the dashed lines in the inset of Fig. 8(b)), from which one 
can estimate the Sommerfeld coefficient 70. The derived 
70 values are summarized in the inset of Fig. 9, which is 
nearly a constant for < x < 0.7, but then increases with 
further increasing x. In comparison with CeFeAsO (70 
= 36 mJ/mol K 2 ), 27 the 70 value of CeCoAsO is largely 
enhanced (70 — 186 mJ/mol-K 2 ), implying an increase 
of the hybridization between 4/- and 3d-electrons upon 
substituting Fe with Co. 



E. Phase Diagram and Discussion 

Based on the above experimental data, in Fig. 9 we 
present a magnetic and superconducting phase diagram 
for CeFei.^Co^AsO (0 < x < 1). CeFeAsO is a bad 
metal, in which Fe 3c?- and Ce 4/-electrons are antiferro- 
magnetically ordered below 150 K and 4 K, respectively. 
Upon substituting Fe with Co, the magnetic order of 
Fe 3d-electrons is suppressed around x ~ 0.1 (marked 
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FIG. 9. (Color online) The magnetic and superconducting 
phase diagram of CeFei-xCo^AsO, plotted as a function of 
nominal Co content. Various symbols denote different types 
of transition temperatures. The lines are guides to the eyes. 
The inset plots the Sommerfeld coefficient 70 as a function of 
Co concentration. 



by SDW Fc ) and superconductivity appears in a narrow 
range of 0.05 < x < 0.20 (marked by SC), indicating 
that the formation of superconductivity is closely related 
to the magnetism of Fe in these compounds. At lower 
temperatures, Ce 4/-electrons undergo an AFM transi- 
tion in the entire doping-range (marked by AFM Ce ); the 
Neel temperature slightly increases with suppress- 
ing the SDW transition of Fe and then remains nearly 
unchanged up to x = 0.8. With further increasing Co- 
content (x > 0.75), the Co 3cZ-electrons form a long range 
FM order which Curie temperature eventually increases 
with x, reaching Tq° ~ 75 K in CeCoAsO (marked by 
FM Co ). On the Co-rich side, the Co-ferromagnetism 
has a strong polarization effect on the AFM order of Cc 
(marked by PO). 

As shown above, the 1111-type iron pnictides exhibit 
rich magnetic and superconducting properties via ele- 
mental substitutions. Different from CeFei-zCo^AsO, 
superconductivity was only observed around x = 0.3 in 
CeFeAsi-zP^O, which seems to coexist with ferromag- 
netism of Ce below 4 Kj£ The magnetic order of Ce per- 
sists up to x — 0.9 in CeFeAsi-^PzO, but it changes 
from an AFM- to a FM-type order while the SDW tran- 
sition of Fe is suppressed around x ~ 0.3£~— On the 
other hand, the AFM order of Ce-ions is remarkably ro- 
bust against Fe/Co substitution. Its ordering temper- 
ature increases with x while suppressing the SDW 
transition of Fe, followed by a nearly unchanged value. 
The persistence of the Ce-moment AFM order with a 
slight variation in T^ e on the Co-doping seems to contra- 
dict the Kondo physics, which effect would be enhanced 
when the interlayer distance is compressed by the Fe / Co 
substitution as evidenced from the enhancement of the 
Sommerfeld coefficient in CeCoAsO (70 ~ 200 mJ/mol- 



K 2 )»ii This is possibly due to the polarization of Co- 
atoms caused by the spin-orbit coupling which competes 
with the Kondo effect. The resulting AFM exchange in- 
teraction between Co 3d- and Ce 4/-electrons is thus 
anisotropic in the spin space. The multi-orbital char- 
acteristics may also add complications to the interplay 
among various intralayer and interlayer exchange inter- 
actions, leading to diverse behavior in the 3d-Af electron 
pnictides. For example, in other ReCoPnO systems, e.g., 
Re = Sm and Ndj 22 > 24 ' 28 the interlayer d-f exchange in- 
teraction is strong enough to realign the Co moments, 
leading to a subsequent AFM transition of Co at a lower 
temperature. Such transitions and magnetic structures 
have recently been proposed from the neutron scattering 
in NdCoAsO. 12,22 However, in CeFei_ x Co x AsO, Ce-ions 
carry a small magnetic moment and it shows a relatively 
weak lattice shrinkage along the c-axis while substituting 
Fe with Co; the resulting AFM exchange interaction is 
likely not sufficiently strong to realign the Co moments. 
Instead, the Ce moments are partially polarized by the in- 
ternal field of Co. Further investigations based on model 
calculations and elastic neutron scattering on the Co-rich 
side is highly desirable in order to clarify the magnetic 
structures of 3c?- and 4/-electrons in this system. 



IV. CONCLUSION 

In summary, we have systematically studied the trans- 
port, magnetic and thermodynamic properties on a series 
of CeFei-zCozAsO (0 < x < 1) polycrystalline samples 
and presented a complete doping-temperature phase di- 
agram. It is found that the SDW transition associated 
with Fe 3d-electrons is quickly suppressed upon substi- 
tuting Fe with Co and superconductivity shows up in a 
narrow doping range (0.05 < x < 0.2). At lower tem- 
peratures, Ce 4/-electrons undergo an AFM-type mag- 
netic transition, which Neel temperature is slightly in- 
creased while suppressing the SDW-transition of Fe, but 
then becomes nearly unchanged with further increas- 
ing Co-content. For x > 0.75, Co electrons form a 
long-range FM order, which transition temperature in- 
creases with increasing x and reaches m 75 K in 
CeCoAsO. Evidence of a strong polarization effect of the 
Co-ferromagnetism on Ce atoms is observed on the Co- 
rich side. Our findings suggest that the delicate inter- 
play of 3d-4/ electrons arising from the competition of 
electron hybridizations and magnetic exchange coupling 
leads to remarkably rich physics in the iron-based com- 
pounds. 
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